Computational fluid dynamics are employed to simulate vortex-induced vibrations of risers. The current method uses a three dimensional model with an optimized mesh to analyze high aspect ratio risers. A riser with an aspect ratio in excess of 4,000 is modeled and compared with field experiments. Results show good agreement with experiments and the ability of the method to predict observed harmonic content. With the computational resources that can now be brought to bare, simulations of deepwater risers are possible for design validation and guidance of empirically based tools that currently do not model high harmonics.
INTRODUCTION
The modeling of long marine risers subject to vortex induced vibrations (VIV) has been underway for the last few years. Approximate methods suffer in their ability to incorporate all of the relevant flow physics, including empirical models and strip-theory computational fluid dynamics (CFD) formulations. We therefore wish to solve the Navier-Stokes equations in three dimensions (3D) to an acceptable level of resolution for engineering purposes. A series of papers discuss the progress toward this objective. Holmes et al in [1] addressed the problem of combining a 3D CFD model with a simplified structural representation of a flexible riser. Examples of simulations of a laboratory model with L/D over 1407 were provided. Simulations of a straked riser corresponding to cases of uniform flow with 62% strake coverage were also presented. These initial attempts clearly showed that large 3D analyses could be undertaken on a modest PC cluster.
Constantinides et al in [2] reported a continuation of this work with an emphasis on improved accuracy and reliability.
The benchmarking against the 1407 L/D laboratory data was much improved and higher harmonics could be seen in the results. A simulation of a much higher L/D, partially straked riser was performed to demonstrate that this method can be used to model deepwater risers. A number of simplifications were made to the actual problem, making this a demonstration exercise rather than a benchmark. The results were compared against a model scale experiment with a riser L/D of 4137 described by Vandiver et al in [4] . Again, while very promising, the CFD computations did not capture some of the features seen in the experiments. This paper presents further results of a benchmarking exercise against a new 4196 L/D riser dataset [3] . Of necessity certain modeling approximations have been employed. The aim is to see if the predictions reasonably match the very complex motion and strains observed. If successful, continued refinement of the fluid-structure interaction (FSI) model would appear justified. In the following sections we describe the modeling aspects and the results of this study.
NUMERICAL MODELING
All of the solutions shown here were produced using the AcuSolve TM finite element Navier-Stokes solver. AcuSolve is based on the Galerkin/Least-Squares formulation and supports a variety of element types. AcuSolve uses a fully coupled pressure/velocity iterative solver plus a generalized alpha method as a semi-discrete time stepping algorithm. AcuSolve is second order accurate in space and time for static solutions. Turbulence is modeled using either the Spalart-Allmaras Reynolds averaged Navier-Stokes turbulence model or the related Spalart detached eddy simulation model [7] . In either case, wall functions were used to describe the flow at the wall in all CFD simulations. This was done to economize on mesh size, but also because most risers have relatively rough surfaces. Wall functions reduce mesh size by providing an integrated relationship between the wall and the logarithmic region of the boundary layer.
The problem of riser motion is solved using a simple linear vibration analysis so that the displacements from the riser mean position are assumed small. The displacement is characterized by normal modes of vibration found using an eigenvalue analysis. The displacements of the riser are then a linear sum of the modal amplitudes times the corresponding eigenvectors. In the problems solved here, the riser axis is oriented in the z-direction and we assume the structural modes to be sinusoidal so the eigenvectors have the form: where the n i S is the eigenvector associated with the n th mode and the i index indicates the x or y directions. In this case, L is the riser length, z is the distance along the riser axis and n is the mode number. It should be noted that the risers modeled here are tension dominated in that the bending stiffness of the riser is negligible compared to the stiffness due to tension. In addition the variation of the mean tension along the riser due to the weight is small, justifying the use of sine shape eigenvectors [1] . The shape of the eigenvectors, for the high modes of interest, was compared with an FEA solution and found to be in good agreement with the theoretical sine shape.
For the experiments being modeled, the mean tension was nearly constant during the short period of VIV response.
With this approach, the motion of the riser is assumed to be a linear summation of the vibration modes. The response is found by solving the equation: The mesh deformation required to accommodate the changes in riser geometry was accomplished by explicitly controlling the motion of each node in the mesh. Nodes in the boundary layer and near wake are translated with the riser motion. This avoids the deformation of the elements in this area of high velocity gradients, maintaining an acceptable level of accuracy. To accommodate the motion of this rigid moving region, the remaining domain deforms like a cushion between the inner region and the outer boundaries. Finally the time step for the calculations is constant and is chosen to resolve the fluid flow as accurately as possible and to capture the high harmonics. A typical target is around 60-100 time steps per vortex shedding cycle, assuring time step convergence and capture of high harmonics.
The approach uses a fully three-dimensional CFD model due to the nature of the flow. In order to obtain an economical solution the computational meshed was optimized based on the key features of the flow. The cross section of the mesh, derived after 4 mesh variations, is shown in Figure 1 . It consists of 17 million nodes forming 75 million tetrahedral and prism elements, with prism elements (wedge) used in the boundary layer region and tetrahedral elsewhere. The dimensionless wall distance (y+) for this mesh typically ranges from 0 to a maximum of around 40. In the axial direction the mesh is stretched by a factor of 5, having only a minor impact on accuracy, but greatly reducing the problem size [2] . Finer meshes are highly desirable to improve our confidence and should be feasible with the rate that the computational power advances.
The simulations were run on a 12 node cluster with InfiniBand Connectivity consisting of 48 2.4GHz CPU (cores). The run time depended on the number of cycles required to achieve meaningful statistics and capture a characteristic snapshot of the process. A typical benchmark run consisted of at lest 60 oscillations. The corresponding run time was estimated to be around one week. Runs focused on design required fewer cycles to reach acceptable results. Optimization of the model and run times are future objectives. 
BENCHMARK WITH EXPERIMENTS
In order to evaluate the accuracy of the present CFD method, a benchmark study was carried out to compare the CFD prediction against field experiments. The experiments selected were performed offshore Miami by the DeepStar joint industry project, where a high aspect ratio (L/D) model scale riser was towed in the Gulf Stream [3] . The riser was exposed to non-uniform currents responding to mode numbers in excess of 20. Overall, these experiments are a better proxy to deepwater risers than laboratory tests due to the higher aspect ratio, mode number and arbitrary currents.
The nature of the experiment created significant modeling challenges. In the experiments, the riser was suspended from a boat with an 800 lb. weight at the bottom end. Universal joints were employed at the top and bottom. The riser was towed in the Gulf Stream and due to the drag force it deflected in an inverse catenary shape. To simulate the entire experiment from the still position would require a very long computation time until the riser deflects to the mean offset shape. Instead, the best estimate of the mean deflected shape due to the drag force was used as the starting shape in the simulation. Another modeling simplification was the use of the mean current profile over the experiment duration of about three minutes, Figure 3 . The experimental data include fiber optic strain gauge strings run along the four quadrants of the riser. Due to the unknown twist of the fibers along the riser, the exact orientation of the sensors was unknown. The principal inline and cross-flow directions were therefore inferred from signal processing results of uniform current cases. Since the current heading along the riser was fairly constant for this case, the principal coordinate system is expected to align with the flow direction. This is an area for future improvement, as the experimental data are further analyzed and understood. The strain was also decomposed into 1x and 3x components corresponding to the first cross-flow peak associated with the Strouhal frequency and the third cross-flow harmonic at three times the 1x frequency.
A total of four simulations were carried out consisting of different strake and bare geometries, showing good agreement with experiments. The results of the bare case are presented in this paper. In Figure 4 and Figure 5 , the total cross-flow strain and the individual components of the 1x and 3x contributions, are compared with the experiment. The 1x and 3x strains are extracted by band passing the total strain signal at the specific frequency peaks close to 1 and 3 times the Strouhal frequency. Overall the strains are very well predicted within the bounds set by the accuracy of the experiment and analysis assumptions of the computational model. The total strain is well predicted having a peak near z/L~0.7. Both the 1x and 3x components are also well captured producing strains of the same order of magnitude. Since the 3x component is at a frequency of three times the 1x component, it will produce roughly three times more fatigue damage. As a result the prediction of the 3x contribution is more important than that of 1x for an equivalent riser system. The results are also plotted in another format in Figure 6 and Figure 7 comparing spatially averaged values from the experiment against prediction. In Figure 6 the computed strain and its components are plotted and compared with the measurements. The agreement is very good. In Figure 7 the normalized fatigue index, defined here as ε 3 *f/f 1x , is estimated for both experiments and prediction assuming a fatigue performance curve of power 3, typical in riser welds. The results are slightly on the conservative side and well within the bounds of a safety factor of 10 typically used for this kind of analysis. 
RESPONSE INTERPRETATION
The cross-flow response amplitude shown in Figure 8 correlates well with other flexible cylinder experiments. The maximum RMS A/D is around 0.6 for a non-uniform current and compares well with 0.7 and 0.8 for a linear shear and uniform current from the 1407 L/D laboratory experiment [8] . One would expect the non-uniformity of the current, unsteadiness and the deflected shape of the riser at the top to produce a reduction in response relative to controlled laboratory tests. This can also be viewed as verification that the experiments were carried out successfully. Another similarity with earlier high mode experiments and simulations [2] is the strong presence of traveling waves along the riser with a quasi standing wave response at the ends, due to the reflective boundary condition of the structure. According to Figure 9 , vibrations are generated near the maximum current area, near 0.7-0.9 z/L, and propagate to the two ends of the riser. The response is unsteady with the spatial and temporal modulation. Since the high harmonics produce very small displacements the motions are dominated by the primary 1x component. The wave traveling speed is observed to be 125 ft/s compared to 130ft/s from the experiments [5] . One of the objectives of this study was to understand how the strain correlates to riser vibrations and especially the 3rd harmonic. The evolution of the total strain with time and the 1x and 3x components are presented in Figure 10 . Comparing the 1x strain contribution with the motion in Figure 9 , we observe a very good correlation between frequency, wave speed and amplitude, as one would expect. Vibrations travel along the riser at the local Strouhal frequency (based on the local velocity) with the expected wave speed. Interestingly, the 3x strain contribution also travels with the same wave speed, but at a frequency three times the Strouhal. The 3x strain amplitude correlates with the 1x on average.
Combining the above findings, it can be argued that the vortices force the riser to vibrate at 1x and 3x frequencies, with the 3x having a very small motion. Both components travel along the riser with the same wave speed. The 1x frequency corresponds to the Strouhal number of the location the wave is generated from; in this case at the maximum current area. As the vibration travels along the riser the frequency remains constant. As a result, the total strain shows a single wave speed with a combination of 1x and 3x frequencies. Areas of high motion correspond with areas of high 1x and 3x strains. All strain components and motion have similar patterns with standing waves at both ends due to the boundary conditions and a wave traveling from the high current area towards the ends of the riser. Flow visualization was performed on selected cases to better understand the vortex shedding mechanism. Vorticity iso-surfaces (Figure 11 ) reveal the presence of strong vortices in the wake and correlate well with the riser motion. As the vibration travels along the riser, from the generation area near the bottom towards the top, vortices are shed in the wake. The vortices peel off nearly parallel to the riser at a small angle. Looking at a very short span of a few diameters, the vortices are similar to those of a typical rigid cylinder wake. Over a longer span, they peel at a small angles (due to the traveling wave) and break off. A vector plot of the flow very near the end of the riser is presented showing vortices in the wake, well captured with this mesh (Figure 12 ). 
CONCLUSIONS
The equivalent of a deepwater riser was successfully modeled using three-dimensional CFD and compared with field experiments. The present method was able to comfortably match the experimental results capturing both the first and third harmonic. Further study of the results revealed new insights on the mechanics of high harmonics as well as the response of risers in shear currents. Overall CFD modeling of deepwater risers is achievable with today's capabilities and expected to improve significantly with the rapid evolution in computing power. 
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